Abstract The genome of the amphotericin producer Streptomyces nodosus was sequenced. A single scaffold of 7,714,110 bp was obtained. Biosynthetic genes were identified for several natural products including polyketides, peptides, siderophores and terpenes. The majority of these clusters specified known compounds. Most were silent or expressed at low levels and unlikely to compete with amphotericin production. Biosynthesis of a skyllamycin analogue was activated by introducing expression plasmids containing either a gene for a LuxR transcriptional regulator or genes for synthesis of the acyl moiety of the lipopeptide. In an attempt to boost amphotericin production, genes for acyl CoA carboxylases, a phosphopantetheinyl transferase and the AmphRIV transcriptional activator were overexpressed, and the effects on yields were investigated. This study provides the groundwork for metabolic engineering of S. nodosus strains to produce high yields of amphotericin analogues.
Introduction
Many antibiotics and other drugs are synthesised by microorganisms (Koehn and Carter 2005) . There is a need for a continuous stream of new anti-infectives to counteract the inevitable emergence of resistance in pathogenic microbes. However, few new antibiotics have been identified since the 1960s, suggesting that the supply of easily accessible bioactive natural products is limited (Li and Vederas 2009; Worthington and Melander 2013) . Several approaches have been used in an effort to discover micro-organisms that synthesise new antibiotics. High throughput methods have been used to culture larger numbers of potential producer organisms, and more sensitive bioassays have been devised to improve detection of hit compounds (Wang et al. 2006) . New producers have also been obtained by sampling of previously unexplored environments and by investigating bacterial symbionts of higher organisms (Wilson et al. 2014) . A recent breakthrough has led to laboratory cultivation of soil bacteria that were previously thought to be unculturable (Ling et al. 2015) . Re-discoveries of known compounds can be identified and disregarded at an early stage in the screening process (Koehn and Carter 2005; Fair and Tor 2014) . As well as direct screening, genome sequencing has revealed that actinomycetes and other bacteria contain silent biosynthetic genes for natural products.
The genomes of three important antibiotic producers Streptomyces coelicolor, Streptomyces avermitilis and Saccharopolyspora erythraea were determined by the Sanger dideoxy sequencing method (Bentley et al. 2002; Ikeda et al. 2003; Oliynyk et al. 2007 ). Since then, nextgeneration technologies have allowed rapid and affordable sequencing of many actinomycete genomes. Bioinformatic methods are available for rapid identification of gene clusters for production of metabolite classes for which biosynthesis is relatively well understood (Weber et al. 2015) . Some cryptic Electronic supplementary material The online version of this article (doi:10.1007/s00253-015-7060-9) contains supplementary material, which is available to authorized users. gene clusters have been activated by changing growth conditions or by overproduction of transcriptional activators (Scherlach and Hertweck 2009; Laureti et al. 2011) . Genome sequences are also valuable for unravelling new biosynthetic pathways (Rackham et al. 2010 ) and for metabolic engineering to increase yields of specific secondary metabolites.
Streptomyces nodosus is the only known producer of amphotericin B (Fig. 1) , a medically important antifungal antibiotic. This drug is the most effective treatment for lifethreatening systemic mycoses, but has severe side effects. A few less toxic analogues have been obtained by engineering of biosynthetic genes (Stephens et al. 2012; De Poire et al. 2013) . Medicinal chemists have also generated promising derivatives by modifying amphotericin B isolated from fermentation cultures of the producer organism (Yamamoto et al. 2015; Davis et al. 2015; Volmer et al. 2010) . In this study, we analysed the genome of S. nodosus. The aim was to provide a reference sequence for this industrially important micro-organism. The sequence was mined for biosynthetic genes for other natural products. This was done to identify gene clusters that might specify potentially valuable compounds, as well as pathways that might divert precursors away from amphotericin biosynthesis in producer strains. In addition, genes that affect amphotericin yield were identified. We carried out the first experiments aimed at increasing production of the less haemolytic 16-descarboxyl-16-methyl-analogues (Carmody et al. 2005) . Genes for acyl CoA carboxylases, a phosphopantetheinyl transferase and a transcriptional activator were overexpressed and the effects on yields of these amphotericins were investigated.
Materials and methods

Bacterial strains and growth conditions
The S. nodosus wild type strain was ATCC 14899. This organism has also been deposited as strain IMD2693 in culture collection WDCM227 held at University College Dublin. S. nodosus ΔamphNM and S. nodosus ΔamphI were from our laboratory collection. Strains were grown on TS medium or Streptomyces medium. Protoplast transformation was carried out as described (Kieser et al. 2000) . Escherichia coli TG1 was used as a host for plasmid constructions. Agar diffusion assays for antibacterial activity were carried out using Bacillus subtilis as an indicator organism.
Genome sequencing
Total cellular DNA was isolated as described previously (Caffrey et al. 2001) and further purified using a QIAGEN 500/G column. The genome was sequenced by MWG Biotech (Eurofins Genomics, Ebersberg, Germany) using a 454 Life Sciences FLX sequencer. Initially, 130 large contigs were obtained. Paired-end techniques were used to assemble these into a single scaffold of 7.7 Mb DNA representing the entire genome. The draft sequence contained several gaps. The largest of these was 11 kb. This region was cloned from a cosmid library (Caffrey et al. 2001) . Positive clones were identified by PCR with primers matching sequences adjacent to the gap. The remaining gaps were less than 3 kb. The regions containing these gaps were amplified by PCR and sequenced directly by the dideoxy method. The current version of the sequence contains 96 gaps, of which 16 are estimated at between 100 and 400 nucleotides in length, the rest are estimated as tens of nucleotides. Filling of these gaps is still in progress. None of the gaps is in a natural product biosynthetic gene cluster. The sequence has been deposited in the GenBank database with accession number CP009313. Automated annotation is available online. Biosynthetic gene clusters were identified using antiSMASH (Weber et al. 2015) and were manually curated.
Construction of expression plasmids
PCR was carried out using Phusion DNA polymerase (New England BioLabs Inc.) and the primers are listed in Table 1 . The S. nodosus accA2 gene was amplified with primers PSAf3 and PSAr3. The accB2 gene was amplified with PSAf6 and PSAr6. The two PCR products were digested with Sac I and ligated together. The ligated DNA was cut with NsiI and HindIII and cloned between the Pst I and Hin dIII sites of the pIAGO expression vector (Aguirrezabalaga et al. 2000) . The resulting construct was named pIAGO-PSA3-6 (contains accA2 and accB2 and its associated ε gene).
The S. nodosus pccB gene was amplified with primers PSAf2 and PSAr2v2. The DNA was digested with Sac I and ligated to the Sac I-cut PCR-amplified accA2 gene, as in construction of the previous plasmid. The accA2-pccB DNA was digested with Nsi I and Hin dIII and cloned between the Pst I and Hin dIII sites of pIAGO. The resulting construct was named pIAGO-PSA2-3V2 (contains accA2 and pccB with its ε gene). Fig. 1 Amphotericin B. In the co-metabolite amphotericin A, the C28-C29 double bond is reduced. The C8 and C16 positions are modified in the analogues 8-deoxy-16-descarboxyl-16-methyl-amphotericin A and 16-descarboxyl-16-methyl-amphotericin B Construction of the other expression plasmids was straightforward. Biosynthetic genes for the lipopeptide acyl moiety were amplified using primers PS1 and PS4. The Lux, R4, Ppt, and Epim forward and reverse primers were used to amplify the genes for the LuxR protein, AmphRIV, phosphopantetheine transferase, and epimerase. Hin dIII and Bam HI or Bgl II sites were incorporated to allow cloning between the Bam HI and Hin dIII sites of the vector. A list of all the expression plasmids constructed is given in Table 2 .
Extraction of lipopeptide S. nodosus ΔamphI strains transformed with pIAGO-LuxR, pIAGO-SkyPKS or pIAGO were grown for 5 days on fructose-dextrin medium (Caffrey et al. 2001) . Cultures were centrifuged to sediment mycelia cells. The supernatant fractions were extracted with ethyl acetate and the pellet fractions were extracted with methanol. The extracts were concentrated by rotary evaporation and analysed by HPLC. Authentic skyllamycin A was provided by Professor Roderich Sussmuth, Technical University of Berlin, Germany.
HPLC and mass spectrometry
HPLC was carried out on a Varian ProStar HPLC system with a ProStar 335 photodiode array detector. All separations were with the use of an Agilent Zorbax SB-C18 (4.6 × 150 mm, 5 μm for analytical and 9.4 × 150 mm, 5 μm for semi-preparative). The solvents used were A = H 2 O (0.1 % TFA) and B = acetonitrile (0.1 % TFA). The analytical runs were carried out at 1 ml/min and the semi-preparative at 4 ml/min. The gradient was 5 % B for 2 min, 5 to 35 % B over 6 min, 35 to 100 % B over 13 min, 100 % B for 1 min, 100 to 5 % B over 3 min.
Low-resolution mass spectrometry analysis was carried out using a Waters Quattro Micro tandem quadrupole mass spectrometer in both positive and negative ion modes. The ion spectra were determined up to m/z 2000. High resolution measurements were determined using a time-of-flight instrument (Waters Corporation, Micromass Ltd., Manchester, UK).
Analysis of amphotericin production
For accurate comparisons, it was necessary to calculate total polyene yields per gramme dry weight of biomass. To compare polyene yields, S. nodosus ΔamphNM and transformants were grown for 5 days at 30°C with shaking in Streptomyces medium containing 1 % (w/v) glycerol. To determine dry weights, mycelial cells from 100-ml cultures were sedimented and washed three times with purified water. The pellets were left at 50°C until the dry weight values were constant. Polyene yields were estimated by UV-visible spectrophotometry. A sample of each culture was added to an equal volume of butanol and shaken to extract all the polyene into the organic layer. In most cases, a single extraction was sufficient to recover all of the polyene. A 320 and A 405 were measured to estimate yields of 16-descarboxyl-16-methylamphotericin B and 8-deoxy-16-descarboxyl-16-methylamphotericin A, with extinction coefficients of 71,500 and 190,000 M −1 cm −1 respectively. These values were combined to obtain the total polyene yield. Triplicate cultures were grown to estimate dry weights and polyene yields.
GC-MS analysis
GC-MS was carried out on organic extracts using a 6890N network GC system, 7683B series injector and 5973 inert mass selective detector, all by Agilent technologies. Samples for derivatisation were incubated with 50 μl N-methyl-N-(trimethylsilyl) trifluoroacetamide at 100°C for 1 h. Derivatised and non-derivatised samples (1 μl) were injected onto a HP5 MS column. The oven temperature was held at 150°C for 2 min then raised to 300°C over 8 min with a run time of 17 min. The operating mass range was from m/z 100-500.
Results
Natural product biosynthetic gene clusters in the S. nodosus genome
The genome sequence was mined to identify biosynthetic genes for secondary metabolites. Twenty-four clusters were initially identified using antiSMASH (Table 3) . These included five clusters containing polyketide synthase (PKS) genes, and eight containing non-ribosomal peptide synthetase (NRPS) protein genes. There were also clusters capable of synthesising a bacteriocin, ectoine, a lantipeptide, a butyrolactone, and four terpenes. Another three unlinked clusters (7, 10 and 13) function in biosynthesis and transport of an aerobactin-type hydroxamate siderophore (Challis 2005) . Most of the clusters showed a high degree of sequence identity with previously characterised clusters. The amphotericin cluster includes genes for the only modular PKS encoded within the genome. PKS2, PKS3 and PKS4 are likely to be important for the fitness of the producer organism. PKS2 functions in synthesis of hexahydroxyperylenequinone (HPQ) melanin that protects against UV radiation (Funa et al. 2005) . PKS3 synthesises Whi spore pigment compounds (Shen et al. 1999) , and PKS4 synthesises alkylresorcinol lipids that confer rigidity on the cytoplasmic membrane (Funabashi et al. 2008) PKS5 appears to be capable of synthesising the angucycline urdamycin G (Decker and Haag 1995) . Interestingly, the ketosynthase (KS) α gene from this cluster was independently identified by PCR with degenerate primers (Chuck et al. 2006) . We previously cloned this region from a cosmid library and generated targeted deletions in the chromosome of S. nodosus ΔamphNM; the deletion mutants did not produce increased yields of 16-descarboxyl-16-methylamphotericins (P. Caffrey, unpublished data). An organism closely related to S. nodosus produces saquayamycins (Uchida et al. 1985) . However, the fact that angucyclines have not been observed suggests that cluster 5 is silent or expressed at a very low level under growth conditions favourable for amphotericin production.
While the PKS genes are related to previously characterised clusters, some of the NRPSs are novel. More detailed descriptions of new NRPS clusters are presented in the supplementary information. Four of the eight NRPSs (NRPS 1, 2, 5, and 6) contain activation (A) and thiolation (T) domains but not condensation domains; these may form modified amino acids rather than peptide products, or they may function in pathways that have yet to be elucidated (Figs. S1, S2, S3, S4; Tables S1, S2, S3, S4). NRPS3 is closely related to the NRPS for skyllamycins A and B (Pohle et al. 2011 ). These are 11-residue cyclic depsipeptides modified with a 2-[1-(Z)-propenyl]-cinnamoyl lipid moiety (Fig. 2) . The S. nodosus cluster contains a gene (SNOD_28885) for an additional cytochrome P450 (Table S5 ), suggesting that the product is a skyllamycin analogue with an additional hydroxyl or epoxide group. This cluster is normally silent or expressed at a low level. NRPS4 consists of two multienzyme polypeptides and is related to the pyochelin NRPS of Streptomyces scabiei (Seipke et al. 2011) . The gene for the first NRPS4 protein contains a frameshift mutation, which was verified by PCR and re-sequencing. In future work, repair of this frameshift should give a functional assembly line that uses a hydroxybenzoate primer and incorporates and heterocyclises three cysteine residues to thiazoles (Figs. S5 and S6, Table S6 ). Pyochelin is synthesised in a similar way except that only two cysteines are incorporated.
NRPS7 consists of three NRPS modules and a PKS module housed within two multienzyme polypeptides (Fig. S7 , Table S7 ). NRPS8 is almost identical to the system that synthesises coelichelin in S. coelicolor (Lautru et al., 2005) (Fig. S8, Table S8 ).
S. nodosus has the genes for production of the terpenoids albaflavenone, geosmin and hopanoids (clusters 9, 11 and 14). Biosynthesis of these compounds has been characterised in other Streptomycetes (Seipke and Loria 2009; Cane and Ikeda 2012; Zhao et al. 2008; Bradley et al. 2010) . Cluster 19 contains a putative terpene cyclase with 32 % identity to the pentalenene cyclase of Streptomyces exfoliatus and 31 % identity with avermitilol cyclase SAV_76 of S. avermitilis (Cane and Ikeda 2012) . The genome contains genes for all enzymes of the methyl erythritol pathway. These are not clustered.
Cluster 1 includes a gene (SNOD_01550) for a bacteriocin that is 54 % identical to linocin from Brevibacterium linens (Valdes-Stauber and Scherer 1994). Cluster 5 contains three genes specifically required for biosynthesis of ectoine, an osmotic stabiliser (Reshetnikov et al. 2011) . Cluster 24 includes a homologue (SNOD_34350) of the gene for the AfsA protein that synthesises A factor from dihydroxyacetone phosphate and a methyl-branched 3-ketoacyl thioester (Kato et al. 2007 ). The adjacent SNOD_34345 gene encodes a butyrolactone receptor. This suggests that these compounds function in quorum sensing in populations of S. nodosus cells. The lantipeptide encoded by cluster 12 may also function in intercellular communication. 
Activation of skyllamycin-like lipopeptide biosynthesis
Three different skyllamycins have been identified so far (Fig. 2) . Skyllamycin A has anti-cancer activity (Pohle et al. 2011 ) whereas skyllamycins B and C inhibit bacterial biofilms (Navarro et al. 2014) . Slight structural changes can alter biological activity. We attempted to activate the S. nodosus cluster encoding a putative skyllamycin analogue. The NRPS genes are preceded by a 10-kb region containing genes for two acyl carrier proteins and multiple discrete KS, ketoreductase (KR), and dehydratase (DH) enzymes that assemble the substituted cinnamoyl lipid moiety. The PKS and NRPS genes are apparently transcribed in the same direction (Fig. S9) . The PKS genes were amplified with primers PS4 and PS1 and cloned into pIAGO. The construct pIAGO-SkyPKS was transformed into an amphI mutant of S. nodosus that does not produce amphotericins. We did not detect a substituted cinnamate by GC-MS or HPLC. However, a new metabolite appeared that had a UV-visible absorption spectrum very similar to that of skyllamycin A, but had a slightly earlier retention time ( Fig. 3 and Fig. S10 ). It is possible that the product of the lipid biosynthetic genes activates the cluster, or alternatively, the 11-kb insert causes integration of the construct into the chromosome by homologous recombination. This would place the cluster downstream from the strong ermE* promoter. The luxR (SNOD_28895) gene was also cloned into pIAGO and transformed into S. nodosus ΔamphI. The new putative lipopeptide was again produced. Extracts containing the new compound were not active against B. subtilis. However, even at concentrations of 105 to 140 μM, skyllamycin A only has weak antibacterial activity (Toki et al. 2001) . Skyllamycin A has a mass of 1482.7 (Pohle et al. 2011) . The new S. nodosus metabolite was purified by preparative HPLC and analysed by mass spectrometry (Fig. S11) Genes affecting amphotericin production
The amphotericin cluster has previously been extensively characterised (Caffrey et al. 2001 ). This contains PKS and cytochrome P450 genes for assembly and modification of the macrolactone core, genes involved in conversion of GDP-α-D-mannose to GDP-D-mycosamine, a mycosamine glycosyltransferase, and export and regulatory genes. Many unlinked genes also contribute to amphotericin production. These include genes for phosphopantetheinylation of PKS acyl carrier protein (ACP) domains, and genes involved in acyl CoA precursor supply. In this study, some of these genes were investigated, with a view to increasing the yields of amphotericin B and its analogues. We have previously shown that phosphomannose isomerase (SNOD_13725) and phosphomannomutase (SNOD_13740) are important for generating GDP-α-D-mannose for mycosamine formation (Nic Lochlainn and Caffrey 2009).
Acyl CoA carboxylases
Polyketides are synthesised from activated acyl units, commonly malonyl CoA and (2S)-methylmalonyl CoA (Marsden et al. 1994) . There is evidence that overproduction of acyl CoAs in cells can boost polyketide production (Ryu et al. 2006; Olano et al. 2008 ). Malonyl CoA is synthesised from acetyl CoA and carbon dioxide in an ATP-requiring reaction catalysed by acetyl CoA carboxylase. Methylmalonyl CoA can be formed by a number of pathways. In one of these, (2S)-methylmalonyl CoA is synthesised by carboxylation of propionyl CoA. Another important pathway involves rearrangement of succinyl CoA to form (2R)-methylmalonyl CoA, which can be epimerised to the 2S stereoisomer by an epimerase (Leadlay and Fuller 1983) . Two other pathways to methylmalonyl CoA are known (Li et al. 2004 ). However, the propionyl CoA carboxylase route appears to be the most important for complex polyketide biosynthesis (Murli et al. 2003) . Acetyl CoA and propionyl CoA carboxylases each contain α and β subunits (Rodriguez and Gramajo 1999). The α subunit contains carboxylase and biotin carrier protein domains. The carboxylase catalyses ATP-dependent carboxylation of the biotin prosthetic group. The β subunit binds acetyl CoA or propionyl CoA and catalyses transfer of the carboxyl group from biotin to C-2 of the acyl group to form the dicarboxylic acyl thioesters. Some acyl CoA carboxylases also have an ε subunit that aids association between α and β subunits.
In S. nodosus the SNOD_20870 accA2 gene encodes acetyl CoA carboxylase α subunit. SNOD_23485 encodes acetyl CoA carboxylase β subunit gene accB2. The SNOD_20890 pccB gene encodes propionyl CoA carboxylase β subunit. The S. nodosus accB2 and pccB genes both have downstream ε subunit genes.
The SNOD_20870, SNOD_23485 and SNOD_20890 genes are homologous to the S. coelicolor SCO4921 accA2, SCO5535 accB and SCO4926 pccB genes, respectively. [There is no S. nodosus counterpart of the non-essential S. coelicolor accA1 gene SCO6271]. These S. coelicolor enzymes have been experimentally characterised. The S. coelicolor AccA2 SCO4921 protein can interact with the SCO5535 β subunit to form malonyl CoA, or with SCO4926 to form (2S)-methylmalonyl CoA (Diacovich et al. 2002) . The β subunits must have their cognate ε subunits for good activity in vitro. Overexpression of these enzymes in S. coelicolor gave a sixfold increase in yield of actinorhodin (Ryu et al. 2006) .
S. nodosus has another acetyl CoA carboxylase β subunit gene accB1 SNOD_29345 which is linked to the urdamycin cluster and lacks an associated ε subunit gene. Expression plasmids were constructed for the S. nodosus acetyl and propionyl CoA carboxylases, as shown in Fig. 4 .
The mutase/epimerase pathway for generation of 2S methylmalonyl CoA
The S. nodosus genome contains genes for three methylmalonyl CoA mutases. SNOD_20515 and SNOD_27715 each encode α2 homodimeric enzymes, whereas SNOD_29730 plus SNOD_29735 encode an αβ heterodimer. SNOD_26810 appears to encode an isobutyryl CoA mutase. The S. nodosus methylmalonyl CoA mutase enzymes should be capable of synthesising (2R)-methylmalonyl CoA from succinyl CoA. However, there is no obvious gene for a methylmalonyl CoA epimerase that can interconvert (2R)-and (2S)-methylmalonyl CoA. Possibly, this activity is present, but the gene cannot be identified by sequence homology. Some of these epimerases are incorrectly annotated as glyoxylases (Gross et al. 2006) . A gene for this enzyme had been identified in a preliminary draft genome sequence of an aromatic heptaene producer, Actinoplanes caeruleus . The GenBank accession number for the epimerase region is KT374297. This gene was amplified and cloned into pIAGO and the construct was transformed into S. nodosus. The aim was to investigate whether overexpression of the epimerase would increase yields of amphotericins and analogues. 
Phosphopantetheine transferases
The ACPs and peptidyl carrier proteins (PCPs) involved in fatty acid, polyketide and non-ribosomal peptide biosynthesis are post-translationally modified with phosphopantetheine prosthetic groups. There are three 4′-phosphopantetheine transferases encoded in the S. nodosus genome. These were assigned functions based on size, conserved motifs, and homology to known phosphopantetheinyl transferases (Beld et al. 2014) One, SNOD_19940 protein, is likely to be involved in modifying discrete ACPs involved in fatty acid biosynthesis. Another, SNOD_28340 protein, is likely to be involved in modifying ACP domains in NRPSs and PKSs. The third, SNOD_29350 protein, is encoded within the urdamycin cluster and is probably dedicated to ACPs involved in biosynthesis of this aromatic polyketide (Wang et al. 2001) . Jiang et al. (2013) found that overproduction of a Sfp-type phosphopantetheinyl transferase in Streptomyces chattanoogensis L10 gave a 40 % increase in production of pimaricin. The SNOD28340 gene for an Sfp-type phosphopantetheine transferase was amplified and cloned into pIAGO.
AmphRIV
Regulation of nystatin and pimaricin biosynthesis has been thoroughly investigated (Sekurova et al. 2004; SantosAlberturas et al. 2011 SantosAlberturas et al. , 2012 . From these studies, it is clear that AmphRIV and homologues are pathway-specific regulators that activate transcription of polyene biosynthetic genes. The amphRIV gene was also cloned into pIAGO.
Effects of expression plasmids on polyene yields
Transformations were carried out to introduce the five expression plasmids and the empty pIAGO vector into the S. nodosus ΔamphNM mutant. Transformants were grown and total polyene yields per g dry weight of biomass were determined. In strain ΔamphNM, neither the acetyl CoA carboxylase (AccA2-AccB2) nor the propionyl CoA carboxylase (AccA2-PccB) gave a significant increase in yield (Fig. 5) . The epimerase and phosphopantetheine transferase also made little difference. Overexpression of the amphRIV gene gave a fourfold increase in yield as compared to the untransformed strain. This indicates that the levels of PKS proteins are the limiting factor in amphotericin production.
Discussion
The S. nodosus genome was sequenced for two reasons: to search for biosynthetic gene clusters for potentially valuable natural products and to enable attempts to increase yields of amphotericin B and analogues. The genome was found to contain 24 biosynthetic gene clusters for natural products. Of these, 18 are apparently capable of specifying known metabolites or closely related compounds. This is not surprising as rediscovery is common in Streptomyces species (Koehn and Carter 2005) . It is becoming clear that rare non-streptomycete actinomycetes are a more promising source of new chemical entities (Jose and Jebukumar 2013) . Of the clusters that specify unknown products, four contain NRPS adenylylation and thiolation domains but no condensation domains and are likely to activate and modify single amino acid residues. NRPS7 appears to synthesise a peptide-ketide hybrid compound from three amino acids and an organic acid. These enzymes may be amenable to overexpression and characterisation in vitro, which may assist identification of their products. NRPS3 and NRPS4 are of interest because they have the potential to synthesise analogues of skyllamycins and pyochelins. Skyllamycins are important because they are active against some cancers and against bacterial biofilms. Skyllamycin A inhibits mitosis of certain tumour cells by interfering with the platelet-derived growth factor signalling pathway (Tori et al. 2001; Pohle et al. 2011) . It also has weak antibiotic activity against B. subtilis and Staphylococcus aureus but not against Gram-negative bacteria or fungi. Skyllamycins B and C are non-antibiotic inhibitors of biofilms caused by the opportunistic human pathogen Pseudomonas aeruginosa (Navarro et al. 2014 ). Skyllamycin B is capable of dispersing biofilms and may be important in combination therapies for treating respiratory tract infections in cystic fibrosis patients (Navarro et al. 2014) . Slight structural changes have profound effects on biological activity. We have shown that S. nodosus can be activated to produce a new skyllamycin analogue. This compound will be investigated further in future work. Repair of the frameshift in the SNOD_29570 gene for the first NRPS4 protein may result in synthesis of a novel siderophore related to pyochelin. This will be investigated in future work. Pyochelin siderophores are important virulence factors in P. aeruginosa. Pyochelin analogues have been synthesised that exert antibiotic activity because they block iron uptake (Mislin et al. 2006) . Siderophores have also been conjugated to drugs to improve penetration of the outer membranes of Gram-negative pathogens (Starr et al. 2014) .
The polyketide macrolactone of amphotericin B is assembled from activated acyl precursors, 16 acetyl and three propionyl units. Overproduction of AmphRIV gave a fourfold increase in yield in the ΔamphN strain. This agrees with findings of other groups who have investigated the effects of AmphRIV homologues on production of other polyenes (Sekurova et al. 2004; Santos-Alberturas et al. 2011 . Elevation of AmphRIV is likely to increase transcription of PKS and late genes. The cellular levels of PKS proteins appear to be limiting, because overexpression of acetyl and propionyl CoA carboxylase genes made little difference to polyene production. Overexpression of acetyl CoA carboxylase significantly increased yields of actinorhodin in S. coelicolor (Ryu et al. 2006 ), but the small discrete enzymes of a type II PKS are more rapidly translated than the largest hexamodular amphotericin PKS proteins. These considerations suggest that with aromatic polyketide biosynthesis, precursor supply may be the limiting factor whereas with polyene biosynthesis, it is the abundance of the PKS catalyst. While Jiang et al. (2013) found that overproduction of phosphopantetheine transferase gave a modest increase in pimaricin production, this approach did not increase the yield of amphotericin. This indicates that the basal level of SNOD_28340 phosphopantetheine transferase is sufficient for post-translational modification of all 19 ACP domains in the amphotericin PKS.
Further work should lead to greater increases in yields of amphotericins and analogues. With new methods for disruption of chromosomal genes (Cobb et al. 2015) , this can be achieved more efficiently. The availability of a reference sequence will also allow identification of mutations that increase yields in high producer strains generated by traditional strain improvement techniques. These methods involve radiation or chemical mutagenesis, followed by screening for mutants that give higher yields. This approach is laborious but genome sequencing of improved strains can give insights into secondary metabolism by revealing which genes are affected in high producers (Wang et al. 2014) . The provision of a reference sequence is essential for this approach.
This study reports the first sequencing and analysis of the S. nodosus genome. The work has led to isolation of a new skyllamycin analogue, and has provided the basis for further metabolic engineering to improve amphotericin yields.
